Previous research has revealed that the human fetus responds to sound, but to date there has been little systematic investigation of the development of fetal hearing.
and 3000 Hz) was examined from 19 to 35 weeks of gestational age. Stimuli were presented by a loudspeaker placed on the maternal abdomen and the fetus's response, a movement, recorded by ultrasound. The fetus responded first to the 500 Hz tone, where the first response was observed at 19 weeks of gestational age. The range of frequencies responded to expanded first downwards to lower frequencies, 100 Hz and 250 Hz, and then upwards to higher frequencies, 1000 Hz and 3000 Hz. At (20-30 dB) in the intensity level required to elicit a response as the fetus matured. The observed pattern of behavioural responsiveness reflects underlying maturation of the auditory system. The sensitivity of the fetus to sounds in the low frequency range may promote language acquisition and result in increased suscepdbility to auditory system damage arising from exposure to intense low frequency sounds.
(Arch Dis Child 1994; 71: F81-F87) Queen There is now little doubt that the ability to respond to sound commences in the prenatal period,' 2 however, there have been few systematic investigations of hearing in the fetus and thus the development of fetal auditory abilities remains largely unknown.3 Fetal auditory system functioning may only be studied indirectly by the observation of a behavioural response to a sound stimulus. 4 Techniques of auditory evoked brainstem responses or evoked otoacoustic emissions, which may directly assess auditory function, cannot be applied during the prenatal period. As such, investigations of fetal hearing provide direct evidence of auditory thresholds for behavioural responsiveness and only indirect, by inferepce, evidence of absolute auditory thresholds (this issue will be returned to later). The following paper examines the very early development of behavioural responsiveness to auditory tones, that is, in the prenatal period, and may provide information on the functioning and maturation of the auditory system. Two aspects of fetal auditory responsiveness are examined: the range of frequencies responded to and the intensity required to elicit a response ('sensitivity') at different frequencies.
The adult human has the ability to hear frequencies ranging from approximately 20 Hz to over 20 000 Hz, although the ability to hear frequencies at the top end of this scale decreases with age. Some authors have argued that the newborn hears in only a very restricted portion of this range, for example, 500 Hz-l000 Hz,5 suggesting a considerable expansion in the range of frequencies responded to after birth.
Observation section of the fetus was used to observe the fetus so that the fetal head, upper body, and arms could be visualised. The position of the head of the fetus was determined and the speaker placed on the abdomen directly over the head of the fetus.
For any particular frequency, stimuli were presented to the fetus in 5 dB(A) steps of increasing intensity starting at 60 dB(A) and ending at 120 dB(A). Stimuli were presented for 2-5 seconds with an interstimulus interval of 7*5 seconds. The fetus was considered to have responded to the stimulus if it moved (head, arms, or upper body) either during the 2-5 seconds of stimulus presentation or within the immediate 2-5 seconds after cessation of the stimulus. (Such observations of fetal responses have a high interobserver reliability.29) Stimulus presentation continued until either the fetus exhibited a response on two consecutive stimulus presentations or the 120 dB(A) stimulus was presented. The intensity level at which the fetus exhibited its first response, if it responded on two consecutive occasions, was recorded. If the fetus did not respond a score of 120 dB(A) was recorded but this was not used in any subsequent analysis. Fetuses were tested at one, and only one, gestational age but at that age were presented with all five frequencies and the dB(A) level at which each fetus responded was noted. Across all fetuses tested, and within each gestational age, the order in which the five different frequencies were presented was completely randomised. The first stimulus frequency was presented after a period of 120 seconds of inactivity. Presentation of each subsequent series of stimulus frequencies commenced five minutes after the end of the previous series if the fetus had been inactive for the preceding 120 seconds. If the fetus was active during the final two minutes of this five minute period presentation of the next series was delayed until a period of 120 seconds of inactivity had passed.
Results

THE NUMBER OF FETUSES RESPONDING
The first response was observed at 19 the high frequency tones may be due to lower intrauterine intensity levels rather than any difference in the onset of auditory responsiveness to these frequencies.
One means to examine this would be to increase the intensity levels of the 1000 Hz and 3000 Hz frequencies by 20 dB and 24 dB, respectively, to counter the attenuation offered by the maternal abdomen. Ethical concerns regarding the possible harmful effects of high intensity sounds' on the hearing of the fetus rule out this possibility. However, two observations from the present study suggest that possible intensity differences do not account for the difference in onset of responsiveness exhibited to low frequency and high frequency tones.
First, given the reported attenuation factors of 14 dB at 500 Hz and 20 dB at 1000 Hz2 it would be expected that there would be a 6 dB difference in the womb for these frequencies when of equal intensity as measured outside of the womb. Assuming that frequency responsiveness to the 500 Hz and 1000 Hz tones develops at the same time it would be expected that there should be a difference of 6 dB in the responsiveness to these tones. However, this is not the case, differences of 19-1 dB, 13 dB, 12-5 dB, and 5 dB in responsiveness at 29, 31, 33, and 35 weeks of gestational age were observed. Only at 35 weeks is the difference in intensity level required to elicit a response approximately 6 dB, at earlier ages the difference is 2-3 times greater. These results suggest that intensity differences due to differential attenuation of high and low frequencies do not solely explain the earlier behavioural responsiveness of the fetus to the 500 Hz tone over the higher frequency tones.
Second, if the response of the fetus to different frequencies differed only because of the intensity differences it would be expected that the increase in responsiveness with gestation would be equal for all frequencies. This is not the case. Although all frequencies exhibit a highly significant decrease in intensity level required to elicit a response, the slopes of the decline are different for different frequencies. Observation Frequency 100 250  500  1000  3000   100  -t=0-37 t=110  t=9-40  t=8-58  df=264 df=265  df= 131  df= 100  NS  NS  p<0-0001 p<0-0001  250  --t=1-42  t=4-69  t=5-34  df=288  df=131  df=100  NS p<0-0001 p<0-01 500 Hz, 500 Hz) and tones 1000 Hz and above is due to the development of the volley principle and phase locked firing enabling groups of nerves to act together. There are thus a number of maturational developments of the fetus's auditory system which may account for the increased range and sensitivity of hearing observed in these experiments, although the actual mechanism remains unknown at this stage.
FUNCTIONALIMPLICATIONS
The behavioural response of the fetus develops first to frequencies around 500 Hz and lower and the fetus is more responsive to these frequencies than to high frequencies. This will have implications for the fetus's response to auditory stimuli generated in the external environment. The sensitivity of the fetus to low frequency sounds means that the fetus will be exposed to sounds of speech and language. The fundamental frequency of the human voice is around 225 Hz for females and 128 Hz for males and thus the voice will form a salient auditory stimulus for the fetus. It is known that the fetus recognises its mother's voice from prenatal exposure5>52 and is able to discriminate between different speech sounds in utero. [53] [54] [55] This exposure to speech may be important for the development of language3 and for recognition of the mother and development of attachment.56 The frequencies to which the fetus first responds are those which are relatively unattenuated by the maternal abdomen and thus will perhaps be 'loudest' in the womb, increasing their saliency.
The increased responsiveness of the fetus to low frequency sounds is also of importance when considering the possible harmful effects of sounds on hearing.1 For a broad band sound of equal intensity ex utero the low frequencies will pass relatively unattenuated into the womb. As these sounds correspond to the frequency range in which the fetus first responds to sound, low frequencies may be potentially more harmful to the developing ear of the fetus than high frequency sound.I Care should be taken to avoid intense exposure to low frequency sounds. 
